Chicken avidin and bacterial streptavidin are proteins used in a wide variety of applications in the life sciences due to their strong affinity for biotin. A new and promising use for them is in medical pretargeting cancer treatments. However, their pharmacokinetics and immunological properties are not always optimal, thereby limiting their use in these applications. To search for potentially beneficial new candidates, we screened egg white from four different poultry species for avidin. Avidin proteins, isolated from the duck, goose, ostrich and turkey, showed a similar tetrameric structure, similar glycosylation and stability against both temperature and proteolytic activity of proteinase K as chicken avidin. Biotin-binding properties of these avidins, measured using IAsys optical biosensor, were similar to those found in avidin from the chicken. Three of these novel avidins, however, showed different immunological cross-reactivities when compared with chicken avidin. The patient sera responses to duck, goose and ostrich avidins were also lower than those observed for chicken and turkey avidins. Our findings suggest that the use of these proteins offers advantages over chicken avidin and bacterial streptavidin in pretargeting applications.
INTRODUCTION
Chicken avidin and bacterial streptavidin are tetrameric proteins, which share an exceptionally high level of affinity with the watersoluble vitamin biotin (K d ≈ 10 −15 M) [1] . This tight interaction has made it possible to use (strept)avidin and biotin as probes and affinity tags in a wide variety of applications in the life sciences [2] . These new (strept)avidin-biotin techniques are also found to be useful in medical applications in vivo to localize and image cancer cells and to pretarget drugs to tumours [3] [4] [5] [6] . In addition, the utilization of avidin in drug delivery through the blood-brain barrier has been demonstrated previously [7] .
In spite of the fact that avidin and streptavidin are structurally and functionally analogous proteins, they differ in their primary amino acid sequence, pI, glycosylation [8] and immunological reactivity [9] . Each avidin monomer has one N-linked carbohydrate side chain, whereas streptavidin is devoid of sugars. The pI of avidin is very high (approx. 10.5), whereas streptavidin has a slightly acidic pI (approx. 6) [8] . Owing to these dissimilarities, the pharmacokinetics of avidin and streptavidin are rather different [10] [11] [12] . The plasma half-life of avidin [10] is shorter when compared with streptavidin [13] . Both the high pI and the glycosylation of avidin have been suggested to be responsible for the fast clearance of avidin. Owing to glycosylation, avidin has a tendency to accumulate in the liver, whereas its accumulation in the kidneys is mainly caused by its high pI [14] . Streptavidin, on the other hand, accumulates mainly in the kidneys [10] .
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Pretargeting strategies in cancer therapy rely on the use of monoclonal antibodies (mAbs), which recognize tumour-specific antigens in cancer cells. Avidin and streptavidin have found uses in multi-step pretargeting trials because of their extraordinarily tight biotin binding and also because, as tetramers, they provide signal amplification, leading to the accumulation of higher effective doses of radionuclides or other biotinylated drugs when compared with other immunotherapeutic procedures [15] [16] [17] . In pretargeting applications, avidin has been used as a fusion protein with an antibody [18] , as a linker between biotinylated antibody and biotinylated radionuclide [19] , as well as a carrier to remove free biotinylated antibodies [20] .
A three-step approach in pretargeting has been designed to improve the target/non-target ratio, and clinical trials have already been performed in glioma patients [6, 21, 22] . Biotinylated mAbs are first injected (step 1), followed by injection of avidin and streptavidin 1 day later (step 2) [21] . The second injection has a 2-fold purpose: (i) removal of the excess circulating biotinylated antibodies in the form of unlabelled complexes via avidin (fast clearance), and (ii) targeting of tumour cells with streptavidin (slower clearance). Thereafter, radiolabelled biotin, which will selectively bind to 'avidinylated' tumour, is injected (step 3). The three-step approach is designed to remove the excess circulating biotinylated mAbs as unlabelled complexes, which are taken up and metabolized in the liver. This is the major factor in background reduction, and is obtained before injecting radiolabelled biotin. Moreover, the rapid blood clearance of the radiolabelled biotin allows imaging to be performed only 90-120 min after injection with low background activity. In addition, signal amplification may occur if tetrameric avidin binds more than one molecule of radioactive biotin. However, avidin and streptavidin are immunogens, which may stimulate immunological response against the proteins, preventing their repeated use [17, 23, 24] . Moreover, the pharmacokinetic properties of these native proteins are not quite optimal [10, 11] .
To overcome these immunological problems and to improve their pharmacokinetics, chemically modified forms of avidin and streptavidin have been developed. Rosebrough and Hartley [12] deglycosylated and chemically lowered the pI of avidin, and attached galactose to streptavidin to modify their pharmacokinetics. Subsequently, Chinol et al. [25] succeeded in reducing the immunological response and increasing the plasma halflife of avidin by poly(ethylene glycol)ylation and succinylation. Recently, Meyer et al. [26] constructed a streptavidin mutant with decreased antigenicity in rabbits. Several other recent reports have also described genetically modified avidins and streptavidins, which should offer advantages over wild-type proteins [26] [27] [28] [29] [30] [31] [32] . However, each solution has so far had its own drawbacks, which means that the need for a better understanding of the immunological properties of the various components of the treatment, as well as the need for immunologically and pharmacokinetically improved proteins, continues to exist.
It appears that one important source has been under-rated in the quest for better forms of avidin for applications in vivo: Mother Nature. The expression of avidin has been documented in avian, amphibian and reptilian egg-laying species [33] [34] [35] . It is, however, in only a limited number of studies that these non-chicken avidins have been described in any detail. All the application-related studies and improvements have concentrated on chicken avidin and bacterial streptavidin and their modified or mutated forms. In this context, we report in the present study on the isolation and characterization of avidins from four birds, the turkey (Meleagris gallopavo), domestic duck (Anas platyrhynchos), domestic goose (Anser anser) and ostrich (Struthio camelus). The main objective was to study whether they could offer advantages over natural and modified chicken avidins in pretargeting applications. We also explored the diversity of these avidin forms from the physicochemical and evolutionary points of view.
EXPERIMENTAL Protein purification, N-terminal sequencing and sequence analysis
Proteins were purified from the egg white of various birds. The egg white was sonicated using Vibra cell TM sonicator (Sonics & Materials, Newtown, CT, U.S.A.) three times for 1 min on ice at power setting 4 and 50 % duty cycle. After sonication, the sample was diluted with 2 vol. of PBS [10 mM sodium phosphate buffer (pH 7.4) containing 137 mM NaCl and 3 mM KCl] and centrifuged (for 20 min, at 20 000 g, 4
• C). The soluble fraction was further purified by affinity chromatography on a 2-iminobiotin-agarose column as reported previously [36] . Eggs were obtained from farms in central Finland, and chicken avidin was from Belovo S.A. (Bastogne, Belgium).
The N-terminal sequencing of the proteins was performed with a Procise 494 A sequencer (PerkinElmer Applied Biosystems, Foster City, CA, U.S.A.).
Sequences were aligned using the ClustalX program [37] . Relationships among avidin sequences were obtained by the Neighbour Joining method [38] from a distance matrix calculated using the Poisson correction method [39] as implemented in Mega version 2.1 [40] .
Biotin-binding analyses
The biotin-binding characteristics of the various avidins were studied using an IAsys optical biosensor. Binding affinities to the 2-iminobiotin surface in 50 mM borate buffer (1 M NaCl, pH 9.5) and the reversibility of binding to biotin surface in PBS (1 M NaCl) were measured as reported previously [36] .
Structural analyses
The thermal stability of the avidins was studied by using an SDS/PAGE-based method [41] . Briefly, protein sample in the absence or presence of biotin (0.02 mg/ml) was diluted to a final concentration of approx. 0.2 mg/ml in 50 mM sodium carbonate buffer (pH 8.7), and proteins were acetylated by adding N-hydroxysuccimidyl ester-acetic acid conjugate to a final concentration of 0.2 µg/ml. The mixture was incubated at room temperature (23
• C) for 10 min. An equal amount of SDS/PAGE sample buffer was added to the sample and it was incubated at different temperatures (25-100
• C) for 20 min. After analysis by SDS/PAGE (15 % gel), the gel was stained with Coomassie Brilliant Blue.
Sensitivity to proteinase K was studied in the absence and presence of biotin (0.02 mg/ml) as reported previously [42] . Protein sample was diluted to a final concentration of approx. 0.2 mg/ml in a buffer containing 10 mM Tris/HCl, 1.5 mM MgCl 2 , 50 mM KCl and 0.1 % Triton X-100 (pH 8.8). Proteinase K (Sigma, St. Louis, MO, U.S.A.) was added to the solution (1 : 25, w/w) and the mixture was incubated at 37
• C. The SDS/PAGE sample buffer was added to the samples taken at different time points (0, 15, 30 and 60 min, and 16 h). The samples were then boiled and subjected to SDS/PAGE (15 % gel). The gel was again stained with Coomassie Brilliant Blue.
The pI of each avidin was determined by isoelectric focusing, as reported previously [28] . The glycosylation patterns of the various avidins were studied by treating the proteins with endo H f glycosidase according to the manufacturer's instructions (New England Biolabs, Beverly, MA, U.S.A.). Denaturation buffer (1.1 µl) was added to the sample (10 µl, 0.5 mg/ml) and it was boiled for 10 min. Reaction buffer (1.2 µl) and endo H f (1000 units) were added, and the sample was incubated overnight at 37
• C. The SDS/PAGE sample buffer was added and the sample was subjected to SDS/PAGE (15 % gel) followed by staining with Coomassie Brilliant Blue.
The quality of the proteins obtained as well as the molecular mass of their tetrameric forms was assayed with FPLC gel filtration using Shimadzu HPLC equipped with a Superdex 200 hR 10/30 column (Amersham Pharmacia Biotech, Uppsala, Sweden). The column was calibrated using the gel-filtration mixture (thyroglobulin, IgG, ovalbumin, myoglobin, vitamin B 12 ; Bio-Rad Laboratories, Hercules, CA, U.S.A.) and BSA (Roche Diagnostics, Mannheim, Germany) as molecular-mass standards. Sodium phosphate buffer (50 mM, pH 7.2) with 650 mM NaCl was used as the liquid phase. Protein samples ranging between 5 and 25 µg in a volume of 10 µl were used in the analysis.
Optical spectroscopy studies
The protein samples were diluted to 0.1 mg/ml in 10 mM potassium phosphate buffer (pH 7.0), and the absorbance spectra were measured using a PerkinElmer Lambda 25 UV/visible spectrometer. The fluorescence and excitation spectra were obtained using a PerkinElmer LS50B luminescence spectrometer with 3 nm excitation and emission slit width and 120 nm/min scan speed. An excitation wavelength of 280 nm was used for the emission measurements. Excitation spectra were measured by detecting emissions at 340 nm. The CD spectra of proteins diluted to 5 µg/ml in 100 mM sodium phosphate buffer (pH 7.4) were measured using a Jasco J-715 CD spectrophotometer equipped with a xenon lamp. A bandwidth of 1.0 nm, response time of 4 s and scanning speed of 100 nm/min were used. The mean CD spectra from four scans were analysed using the J-700 Secondary Structure Analysis estimation program (version 1.10; Jasco) using 'yang.jsr' as a reference spectra. All measurements were performed using a cuvette with a 10 mm light path at room temperature.
Differential scanning calorimetry (DSC)
The thermostability of the avidins was studied using a Calorimetry Sciences Corp. (American Fork, UT, U.S.A.) Nano II differential scanning calorimeter [31] . The reference cell was filled with the same buffer in which the sample proteins were dissolved (100 mM sodium phosphate buffer). Proteins (0.1-0.5 mg/ml) were analysed both in the absence and presence of biotin (0.004-0.02 mg/ml). All samples were degassed before they were loaded into the differential scanning calorimeter. The thermograms were recorded as a function of temperature between 25 and 130
• C at the rate of 55.6
• C/h. Data were analysed using Microcal Origin 6.0 and the software provided by Calorimetry Sciences Corp.
Immunological analyses
Avidin proteins from various bird species and streptavidin (Sigma) were compared immunologically using indirect ELISA analysis [43] . The 96-well plate was coated with various avidins (5 µg/ml) in sodium carbonate buffer (50 mM, pH 9.6) at 37
• C for 2 h, followed by washing with PBS-Tween 20 (0.05 %, v/v) and blocking with 1 % BSA in PBS (PBS-BSA).
Serum samples from 21 cancer patients exposed to chicken avidin and streptavidin during a cure cycle and from a control group of 8 persons not exposed to (strept)avidin were supplied by the Division of Nuclear Medicine, European Institute of Oncology, Milan, Italy. Sera were diluted to 1 : 500 in PBS-BSA and allowed to react with the various avidins at 37
• C for 2 h. Polyvalent anti-human alkaline phosphatase (AP) (Sigma) was used as a secondary antibody (2 h, 37
• C). p-Nitrophenyl phosphate (1 mg/ml; Sigma) was used as the signal molecule, and absorbance was measured at 405 nm by an automated ELISA reader.
In the cross-reactivity analysis of the proteins, two polyclonal rabbit anti-avidins {Poly 1, produced at the University of Oulu, Finland; Poly 2 (Avd VIII) [44] } and five mouse mAbs {Mono 1 and 2 [43] , Mono 3 (Tda2), Mono 4 (Tda6) and Mono 5 (Tda9) [45] } diluted to 1 : 5000 in PBS-BSA were used as a primary antibody. Goat anti-rabbit IgG AP or goat anti-mouse IgG AP (Bio-Rad Laboratories) was used as a secondary antibody. Absorbance was measured as described for the serum analysis.
RESULTS

Protein purification from bird egg white
The selection of the four bird species was done on the basis of their phylogenetic relationships and the easy availability of their eggs in Finland. Their status as farmed species also makes the use of their eggs ecologically admissible. Purification yielded homogeneous proteins as judged by SDS/PAGE (Figure 1 ) and gel-filtration analysis (results not shown). Purification yields ranged from 0.2 to 3 mg of avidin/100 ml of egg white. AKKCLLTGKWINDLGSX ‡MTIGAVNNR----- (26) . ** * * * * : * ** **: .* : † SwissProt no. P02701. ‡ The unknown amino acid residue in this place is most probably asparagine, since the only amino acids that cannot be read in protein sequencing are the modified asparagine and cysteine-acrylamide derivatives, and there was no evidence of the latter. 
N-terminal sequences and sequence analysis
N-terminal amino acids (26-30 amino acids) were sequenced for each species (Table 1) . For the duck and turkey avidins, two distinct forms of protein were found in the samples. The major (longer) form represented 70 and 60 % of the total protein in the turkey and duck avidins respectively ( Table 1 ). The minor form lacked the most distal N-terminal amino acid in both cases. These two different forms most probably reflect an alternative signalsequence cleavage. All the avidins showed cysteine residues corresponding to chicken avidin Cys 4 , and an N-glycosylation site at Asn 17 appears to be present in all four avidins, as in chicken avidin. Although only approx. 25 % of the avidin amino acid sequence was analysed, the relationships were in agreement with the phylogenetic relationships of the species studied [46] . Based on the sequenced N-termini, relationships among the avidin proteins are shown in Figure 2 . † Values were detected directly from the binding curves. * Transition temperature: a temperature at which half of the total protein was in tetrameric form [41] . † Integrated intensity of the whole emission spectra relative to that without biotin. ‡ Values are from [31] . Values from DSC analysis represent the means + − S.D. § The pI values of the chicken, goose and turkey avidins could not be determined accurately, because they were outside the resolving capacity of the focusing gel and because the protein with the highest pI in a marker had a pI of 9.6. || n.d., not determined. Monomer already at room temperature.
Biotin-binding properties
In the reversibility assay, all avidins exhibited strong binding to the biotin surface similar to that of chicken avidin, as reported previously [28] . Measures of reversibility are presented in Table 2 . A nitroavidin (CaptAvidin TM ; Molecular Probes, Eugene, OR, U.S.A.) was used as the control protein in this analysis, giving a reversibility of 65 + − 3 %.
Furthermore, all the avidin variants showed similar affinities towards the 2-iminobiotin surface in the IAsys interaction analysis. Measurements of the association and dissociation rate constants and dissociation constant for the various proteins are presented in Table 2 .
Biochemical analyses
According to SDS/PAGE analysis, the mass of the monomer in all the avidin proteins was almost identical (approx. 16 kDa; Figure 1 ). Consequently, the gel-filtration analysis showed that, similar to chicken avidin, all the new avidins were tetramers. The calculated molecular masses and the elution times of the proteins are shown in Table 3 .
All avidins showed temperature stability in DSC analysis quite similar to each other (Table 3 ). All proteins were denatured at 79-89
• C in the absence of biotin and at 116-123
• C in the presence of biotin. In the SDS/PAGE-based thermal stability analysis, avidins from the turkey, duck and goose showed high stability, similar to that of chicken avidin. In the absence of biotin, these proteins dissociated into monomeric form at 60-65 • C. Saturation with biotin before the analysis caused extensive stabilization, and some of the protein samples remained tetrameric even at 100
In contrast with the other avidins, ostrich avidin dissociated into monomers at room temperature itself in the absence of biotin. However, saturation with biotin considerably stabilized ostrich avidin, and it failed to dissociate into monomers until the temperature was increased to 80
• C. The estimated denaturation transition temperatures T r (temperatures at which half of the sample protein was in tetrameric form and the other half was in monomeric form [41] ) are shown in Table 3 . It has been shown previously [47] that in the absence of biotin, proteinase K is capable of digesting chicken avidin at an exceedingly low rate and that digestion occurs only in the loop area between β-strands 3 and 4. After 16 h of digestion, approx. 25 % of the treated avidin was still intact. As a holoform (saturated with biotin), chicken avidin was entirely unbroken after 16 h of proteinase K treatment. All the other bird avidins showed a similar high resistance to proteolytic activity of proteinase K (results not shown).
Treatment with endo H f glycosidase caused increased migration in SDS/PAGE in all avidins (Figure 1 ). These analyses suggest that these new avidins have carbohydrate chains similar to chicken avidin. The pI of ostrich avidin was lower when compared with the other avidins examined (Table 3 ). All these avidins showed a tryptophan spectrum with a maximum at approx. 282 nm. Similar fluorescence emission behaviour was observed for the chicken, turkey, duck and goose avidins, since the emission maximum moved towards blue at approx. 10 nm and the emission intensity decreased after saturation with biotin. For the ostrich avidin, only a negligible decrease in emission intensity was observed (Table 3) .
All the examined proteins displayed identical CD spectroscopic characteristics ( Figure 3) . As with chicken avidin, the strongest positive CD was found at approx. 230 nm and another weaker positive signal was detected at approx. 280 nm [8] . The measured spectra were subjected to secondary-structure analysis, which indicated entirely the presence of β-structure or β-structure with β-turns for all avidins (Table 3) .
Immunological analyses
Two polyclonal antibodies raised in rabbits against chicken avidin were used in the present study. They did not recognize avidin from the goose, duck and ostrich as well as they recognized avidin from chicken and turkey. Five mAbs against chicken avidin failed completely to recognize avidin from the goose, duck and ostrich. Instead, all these antibodies recognized avidin from the turkey in an almost identical fashion to that from the chicken ( Table 4) .
Responses of the patient sera towards turkey and chicken avidins were similar (Pearson correlation = 0.962; P < 0.001). The correlation between the responses measured for the other three avidins and chicken avidin was low (Pearson correlation = 0.017-0.050). Avidin from duck and goose elicited a more or less identical immunological response with the sera (Pearson correlation = 0.766; P < 0.001). Streptavidin was observed to The values are means for two independent measurements of absorbance at 405 nm after 60 min colour reaction.
be a highly immunoreactive protein in this analysis (Figure 4) . When the individual responses were examined, it appeared that avidins and streptavidin do not share common antigenic epitopes. Correlation between the measured responses varied from 0.05 to 0.209, the highest value occurring between streptavidin and chicken avidin. Furthermore, no clear correlation was found between the patients who recognized either avidin or streptavidin strongly ( Figure 5 ).
DISCUSSION
In cancer treatment, avidin and streptavidin have been used in imaging and drug pretargeting for approx. 15 years [3] . However, their biochemical properties are not optimal in all cases, and immunological responses to avidin and, especially, streptavidin hamper repeated use of these proteins. In the present study, we investigated whether avidins existing naturally in four different poultry species could offer beneficial properties for pretargeting applications in the treatment of cancer or other diseases. In this respect, isolated avidins exhibited attractive properties. Their high biotin-binding ability is essential for applications in avidinbiotin technology, and their strong resistance against proteinase K suggests their ability to resist other proteinases as well. These properties make the four avidins potential candidates for use in approaches in vivo.
Most importantly, with the exception of turkey avidin, all the other avidins were recognized less by patient sera when compared with chicken avidin. They might therefore be used in treatments after the administration of chicken avidin and bacterial streptavidin ( Figure 5 ). On the other hand, a group of previously exposed patients generally showed greater recognition of streptavidin when compared with avidin. This result is in line with the earlier evidence that streptavidin is a more potent human immunogen than avidin. One significant advantage of these new avidins is that none of them exhibited a tendency to form larger aggregates, as has been found to be the case with some chicken avidin and streptavidin preparations [41] . Large aggregates penetrate poorly into solid cancer [48] . Additional studies will, however, be needed to demonstrate these expectations.
Avidins from turkey and chicken, which are closely related birds [46] , showed immunological and biochemical properties similar to each other. Although there are dissimilarities in the Nterminal sequence between the two proteins (17 %), none of the amino acid substitutions seemed to have a significant effect on the structure and function of the proteins. Two of these four amino acid differences lie in the most distal N-termini of the proteins and are not, therefore, expected to influence the β-barrel structure and tetrameric assembly. Based on biochemical analyses and N-terminal sequence, avidins from the goose and duck are similar to each other, but they were found to differ from chicken and turkey avidins in their immunological properties.
The ostrich avidin is a more divergent protein (53 % different from the chicken avidin at the N-terminus) and displayed a different immunoreactivity. Another interesting feature of ostrich avidin is its lower tetrameric stability in the absence of biotin and in the presence of SDS, much like some chicken avidin mutants [28, 29, 36, 49] . Saturation with biotin, however, improved the stability of ostrich avidin as for other avian avidins. The weaker stability seems to be associated with the presence of denaturing agents (SDS, 2-mercaptoethanol), because in the absence of a detergent (DSC experiment) the ostrich avidin exhibited stability comparable with other avidins studied.
Despite the sequence differences at the N-termini of the proteins, some features are conserved in the avidins examined in the present study. Each protein has a cysteine residue close to its N-terminus, suggesting the formation of an intra-monomer cysteine bridge similar to that of chicken avidin. All these avidins also seem to contain an asparagine residue, with favourable neighbour residues needed for an N-linked carbohydrate side chain at the same position as in chicken avidin. According to the deglycosylation studies, no other carbohydrate attachment sites appeared to exist. With the exception of the ostrich avidin, no noteworthy differences in the spectroscopic properties of the proteins were found, suggesting that the aromatic amino acids are well conserved among the various avidins. A comparatively lower decrease in fluorescence intensity due to biotin binding for the ostrich avidin suggests the existence of a different tryptophan pattern, or that its tryptophan residues may participate in biotin binding in a way different from that of the other avidins. For example, the role of the tryptophan residues is different in avidin and streptavidin, whereas both have high affinity to biotin [50] . The complete amino acid sequence of the new avidins is needed, however, for a more detailed discussion of the functional properties.
Ligand binding to the native state of a protein will make the protein more resistant to heat-induced denaturation [31] , and the degree to which the protein is made more thermostable depends on the affinity of the ligand-protein complex [31, 51] . The transition midpoint of heat denaturation, T m , of all avidins shifted approx. 28-38
• C when saturated with biotin. This result is in agreement with the fact that all studied avidins have similar high affinities for biotin. The properties of these new avian avidins, such as moderate sequence variation within the N-terminal amino acids and their altered immune recognition, indicate that there are some interesting differences between the structures of avidin proteins, although they all share the same functional quality, namely a strong affinity to biotin. These results also show that screening of other avidins is a potential alternative strategy for finding new candidates for medical applications in vivo. The four new avidins reported here exhibited promising properties useful in biopharmaceutical applications and may be valuable as alternatives to avidin and streptavidin in medical applications. The present study inspires further research into the forms of avidin in birds and other egg-laying species. The phylogenetic relationships should provide a good starting point for such efforts.
